Abstract In this research, methodology was developed to identify locations vulnerable to taste and odour problems in a distribution system. The methodology was based on a multicriteria procedure combining spatial information on consumer complaints and popular perception of tap water. The first step in the described methodology consisted of mapping complaints regarding tap water made by the population between 2002 and 2004 using a geographical information system (GIS). The second step consisted of analysing results of a questionnaire-based mail survey, also through GIS. The information generated using the above steps was integrated using a multicriteria and spatial approach allowing segregation of the distribution system into delineated zones, according to their vulnerability to occurrences of taste and odour problems. The identification of vulnerable sectors in a distribution system will help water managers to implement a better-targeted water quality monitoring programme -one that considers odours and tastes of drinking water -within the management process.
Introduction
Generally speaking, government regulations require monitoring of drinking water contamination by means of microbiological and physiochemical descriptors. The first type of descriptor is associated with short-term or acute diseases and the second with long-term or chronic diseases (Anadu, 1997) . However, regulations do not consider public perception of drinking water quality. In fact, the aesthetic quality of drinking water as pertains to taste, odour, hardness and colour is widely related to the public's perception of drinking water.
In the last decade, problems of odour and taste (OT) in drinking water have drawn the attention of several authors (Bruchet, 1999; Dietrich et al., 1999 Dietrich et al., , 2004 McGuire, 1999; Khiari et al., 2002) . Most of the research in this field has focused on the identification of sources for OT compounds, on measurement of these compounds, on the identification of their relationships with different types of taste and odour, and on their removal through water treatment processes (Crozes et al., 1999) . However, little research has been conducted to understand better the spatial distribution of OT compounds within distribution systems. The monitoring of such compounds on a spatial basis will require the identification of potential locations in the system where taste and odour problems might occur. The aim of this paper is to present a methodology for identifying locations of a distribution system potentially subjected to taste and odour problems. The methodology is based on a spatial investigation of customer complaints and perception through a multicriteria analysis procedure.
Methodology Case study
The case study is a distribution system that supplies drinking water to a sector of Quebec City (Canada). The sector is known as Beauport. Water for Beauport is pumped from the Montmorency River, a tributary of the St. Lawrence River. Table 1 presents the general characteristics of the Beauport water utility. The Beauport distribution system is an interesting case study of spatial variations of water quality because the system supplies a large territory (74.4 km 2 ) and, given the number of people served, water residence times in the network can be relatively long.
Historic background of customer complaints
The first step in the methodology consisted of a spatial analysis of complaints concerning tap water made by the population in 2002, 2003 and 2004 . The water utility gathered complaint information through a telephone survey procedure that was often followed by water quality sampling and analysis at the resident's tap. Complaints were considered as one indicator of the perception of water quality. Complaint information was obtained from Quebec City managers who established procedures that were routinely applied. Such procedures allowed identification of complaints that might be associated with possible deterioration of tap water. The complaints were not necessarily confirmed to be real taste or odour problems. However, we assumed in the study that complaints are good indicators of OT problems. Procedures included a form to be filled out during the complaint investigation. Information obtained from this form included the complainant's address (spatial component), date of complaint (temporal component) and category of complaint (taste (for the customers, the word "taste" means taste and odour by mouth.), odour, colour, particles, gas, health, others). To represent the spatial distribution of complaints, the complainant's address was linked to a plot number (10 digit code) corresponding to the residential centroid. This procedure resulted in a cartographic spatial distribution with a GIS support (Map Info TM ) of all complaints documented by Quebec City for the sector of Beauport (2002 Beauport ( -2004 .
Survey of customer perception of tap water
The second step in the methodology consisted of conducting a taste and odour survey and analysing it using a GIS. For the purpose of this study, a questionnaire-based mail survey was sent in April 2005 to some 1,200 residents of Beauport. The questionnaire was designed to obtain information on drinking water consumption patterns, the degree of popular satisfaction with the water treatment process, the perceived risk associated with the consumption of tap water and the sociodemographic characteristics of customers. Customer addresses were chosen randomly from the Beauport telephone directory. Each questionnaire was coded with a number linked to a spatial location within a database. The distribution of addresses used for the survey was homogeneous over the entire territory of the Beauport sector. For the purpose of this study, 251 complaints were analysed. Table 2 presents their seasonal variation. Major reasons underlying complaints were colour, odour and taste of tap water. Complaints were recorded mainly in the southern part of the investigated territory corresponding to the most populated sector of Beauport. However, the relatively low number of complaints in sectors with a low population density does not necessarily mean that these sectors are not potentially problematic. Complaint distribution cannot be used alone to identify problematic sectors in a distribution system. The response rate for the mail survey was 30.2% (giving a survey error lower than 6% for a confidence level of 95%). This rate is similar to the one obtained by Turgeon et al. (2004) in a drinking water survey in Quebec City in 2000. Survey respondents were widely distributed throughout the Beauport territory. The spatial distribution of respondents was almost the same as that obtained for the 1,200 questionnaires sent. Table 3 presents the main results of the mail survey. Sixty-seven percent of respondents reported regularly consuming tap water in the Beauport sector. This is comparable to the results observed by Levallois et al. (1999) . It is interesting to note that only a minority of respondents as not satisfied with the organoleptic characteristics of tap water, for the most part because of taste problems. According to the survey, only 40.2% of respondents could identify the source of Beauport's drinking water. The survey suggested that a relatively high proportion of Beauport's population frequently consumes bottled water (40.5% of respondents). The principal reason was taste/odour (49.3% of respondents). A relatively high proportion of respondents (74.1%) reported that the organoleptic quality of their tap water has been stable for many years. A minority of respondents (14.1%) considered that tap water quality had improved in recent years.
Identification of locations vulnerable to taste and odour problems
Spatial information obtained from the complaints and the mail survey was combined to determine sectors of the Beauport distribution system where water quality was most vulnerable to degradation (in terms of taste/odour). To achieve this, Beauport was divided into 72 geographical units (with comparable population densities). In order to obtain these units, information from census diffusion areas was taken from Statistics Canada databases (Statistics Canada, 2001 ). Each geographical unit was characterised using seven criteria. Three criteria concerned complaints (denoted C1 to C3): the number of consumer complaints regarding water colour (C1), taste of water (C2) and odour of water (C3). Four criteria concerned popular perception deduced from the mail survey (C4 to C7): the number of respondents satisfied with water colour (C4), taste of water (C5), odour of water (C6) and, finally, the general organoleptic quality of tap water (C7). The number of complaints or survey responses was expressed according to the population density for each sector.
To determine the most vulnerable geographical units, a multicriteria analysis method with partial aggregation was used: the Electre methodology (Roy and Bouyssou, 1993; Schärlig, 1999) . To implement the method, an expert panel was formed and asked to rank each criterion according to relative importance when compared with the others. In this way, a proportional weight for each intermediary criterion was established (Table 4 ). The mathematical representation for criterion weight within the methodology was as equation 1 below. Figure 1 is a schematic representation of the procedure used by Simos (Schärlig, 1999) to obtain the weight of intermediary criteria. Afterwards, a performance table was built (Table 5 ). It contained information on the 72 geographical units (U1 to U72). The performance of each of the seven criteria was indicated (for example, the number of complaints concerning water colour per inhabitant within the unit) for each unit. Table 5 details the specific weight for each criterion, one indifference threshold, one preference threshold and one veto threshold. All of these criteria are given by the decision maker. The preference threshold ( p) is a value allowing the choice to be made between two potential actions. When the difference between the performances of the potential actions ("geographical units"), taken two by two for each criterion, is higher than p, the potential action which has the best performance is preferred to the other one. For the indifference threshold (i), when the difference in performances mentioned previously is lower than i, it is considered not significant. Therefore, the two potential actions (in this case one or other "geographical unit") are equivalent. One is not preferred to (or no more problematic than) the other one. For the veto threshold (y), if the difference between performances of two potential actions is higher than this value, the choice of the potential action is obvious. If this difference is lower than y, the comparison of potential actions is feasible.
where W j is weight of criterion; F is weight of the most important criterion (greatest weight); R max is maximum rank (rank of the less important criterion); R j is rank of criterion "j" and R min is 1 (minimum rank: rank of the most important criterion). This methodology compares geographic units two by two, assuming the first unit is more problematic than the second unit and then reversing the order of assumption. One credibility index is calculated for each hypothesis and each geographic unit is ranked, according to a predefining rule, from the best to worst (called descending distillation) and from the worst to best according to a second rule (called ascending distillation). From these two classifications, a final classification is obtained for geographical units ranked from the most problematic to the least. With this method, it was possible to classify the 72 units of the Beauport territory from the unit having the highest potential for taste and odour problems to the unit having the lowest potential for taste and odour problems. Figure 2 presents the distribution of the different criteria and the 15 locations potentially more vulnerable to taste and odour problems. If the utility intends to survey taste and odour compounds within the distribution system, sampling points within these locations must be favoured. Figure 2 shows that the vulnerable zones are widely distributed throughout the Beauport territory (in this example the 15 more vulnerable locations are indicated). As observed, in this example, most locations with a low number of complaints concerning tap water are not considered at the 15 selected locations. *Sense of criterion is the effect the criterion has on the performance of the potential action. When it improves the performance of the potential action, this criterion is positive or maximised ("Max", ELECTRE programme). However, when it does the opposite, it is negative or minimised ("Min", ELECTRE programme)
Conclusions
Few water utilities have strategies to monitor and identify tastes and odours in distributed drinking water. In this study, a methodology was proposed to combine complaint and perception studies to identify distribution system locations with potential taste and odour problems. The methodology makes efficient use of the analytical capacities of GIS and multicriteria analysis. The application of such methodology can help water utility managers to implement better-targeted water quality monitoring programmes that include taste and odour components. Analysis of complaints alone cannot be used to identify sectors vulnerable to taste and odour problems. Complainant subjectivity and a lack of information in sectors where the population has a low propensity to complain can induce bias. A mail survey on tap water perception was a good strategy to complete information from the complaint database. The main limitation of the survey conducted in this study is that customer perception of tap water may correspond to the specific period during which the study was conducted (and not for the rest of the year). In addition, customer perception may be influenced temporarily by episodic taste and odour in tap water, external events such as water contamination in other communities and written or oral mass media, etc. Methodology and data presented in this paper allowed identification of vulnerable sectors to taste and odour problems in the distribution system of Beauport. The consideration of these sectors as a part of the routine water quality surveillance will allow more focused management and control of taste and odour problems. It is thus recommended that the City utility considers, in the future, monitoring the compounds responsible for taste and odours (e.g. geosmin, 2-MIB) in these locations.
Future work for this case study might include more precise follow-up of complaints within vulnerable locations, perception surveys and taste and odour panels carried out at different periods during the year, as well as monitoring of taste/odour compounds on a temporal basis. The integration of all this information could prove very valuable to water utility managers to understand better and reduce water quality problems in the distribution system.
